We report on the combined experimental and computational study of imidazole-and benzimidazole-based corrosion inhibitors containing methyl and/or mercapto groups. Electrochemical measurements and long-term immersion tests were performed on iron in NaCl solution, whilst computational study explicitly addresses the molecular level details of the bonding on iron surface by means of density functional theory calculations (DFT). Experimental data were the basis for the determination of inhibition efficiency and mechanism. Methyl group combined with mercapto group has a beneficial effect on corrosion inhibition at all inhibitor concentrations. The beneficial effect of mercapto group combined with benzene group is not so pronounced as when combined with methyl group. The latter is in stark contrast with the behaviour found previously on copper, where the effect of methyl group was detrimental and that of mercapto and benzene beneficial. Explicit DFT calculations reveal that methyl-group has a small effect on the inhibitor-surface interaction. In contrast, the presence of mercapto group involves the strong S-surface bonding and consequently the adsorption of inhibitors with mercapto group is found to be more exothermic.
Introduction
The inhibition of corrosion using corrosion inhibitors has been for decades one of the most important method of corrosion protection. Inhibitors are usually organic compounds which when added in small concentrations form a surface layer that protects the underlying metal surface from dissolution and, consequently, decreases the corrosion rate. Among the most important inhibitors for copper are benzotriazole and also imidazole-based inhibitors. In this study we test the applicability of several imidazole-type molecules as corrosion inhibitors for iron in NaCl solution.
In our previous publications a combined experimental and computational study on copper was performed. 1, 2 Electrochemical and immersion study, combined with topography and X-ray photoelectron spectroscopy (XPS) analyses, was carried out in chloride solution with and without the addition of various imidazole derivatives-imidazole (ImiH), 1-methyl-imidazole (ImiMe), benzimidazole (BimH), 2-mercapto-1-methyl-imidazole (SH-Imi-Me), and 2-mercaptobenzimidazole (SH-BimH). 1 The skeleton structures of these inhibitors are presented in Fig.  1 . Pronounced differences were observed at concentrations ≥ 1mM. While 1-methyl-imidazole was found to be inferior in activity to imidazole, all other derivatives were superior. At 1 mM concentration the order of inhibition efficiency, IE, is: ImiMe < ImiH < BimH < SH-ImiMe < SH-BimH. The mercapto group and benzene group were shown to have a beneficial effect on corrosion inhibition, whereas the effect of the methyl group even accelerated the corrosion at 10 mM. The protective ability of BimH, SH-ImiMe and SH-BimH inhibitors is based on the formation of cuprous complexes with species originating from inhibitors, mainly carbon and nitrogen, and sulphur in the case of mercapto compounds.
Experimental study was supplemented by detailed density functional theory (DFT) calculations 2 to (i) explicitly characterize the interactions between inhibitors and copper surfaces and to (ii) rationalize the experimentally observed trend. We found that mercapto-substituted imidazoles are prone to dissociation upon adsorption (S-H or N-H bond cleavage). They bond stronger to the surface and display weaker tendency to form soluble complexes with hydrated Cu 2+ ions than non-mercapto imidazoles. By encapsulating these two interactions into a simple model-the first interaction is deemed as beneficial and the second as detrimental-the inhibition efficiency trend was well captured.
Studies on iron are less common than on copper, especially in sodium chloride solution. Bhargava et al. tested different approaches -adding imidazole directly into the 3 % NaCl and direct deposition of inhibitor onto the metal surface prior the exposure to NaCl. 3 The former procedure was beneficial which was explained by the interaction of imidazole's π-electron system with Fe such that its aromatic ring is nearly parallel to the metal surface. During direct deposition of inhibitor, however, also a pyridine type of N-Fe interaction is present with imidazole oriented normal to the surface, as indicated by XPS. 3 2mercaptobenzimidazole (SH-BimH) was proved to be a good corrosion inhibitor for Armco iron in 3 % NaCl at a maximal performance at 5 × 10 -3 mol dm -3 . 4 The SH-BimH inhibition mechanism proceeds according to the Langmuir-type adsorption on the active sites and suppressing the dissolution reactions. In slightly acidic solution more studies have been performed than in neutral chloride solution. [5] [6] [7] [8] [9] Combined electrochemical and computational HOMO/LUMO type study was performed for different imidazole-based inhibitors on iron in 1 M HCl. 5 The inhibition efficiency increased with increasing electron donating ability being the highest for amino-containing inhibitors. Heterocyclic diazoles were also shown to be good inhibitors for iron in 1 M HCl. 6 Three types of iron species were identified on the inhibited surface: FeOOH, Fe 2 O 3 and Fe 3 O 4 . It was suggested that good inhibition agent should form an insoluble complex or surface species with low hydroxide content. Different imidazoline compounds were more strongly adsorbed on steel surface than the amidic compunds. 7 Another study was performed on carbon steel in 1 M HCl containing different imidazole-based inhibitors showing the following order of inhibition efficiency: BimH > ImiH > ImiMe. 8 SH-BimH was shown to be adsorbed on film-free surface and the formation of oxide was ascribed to post-immersion oxidation. 9 SH-ImiMe was tested on carbon steels in 1 M HClO 4 and confirmed by XPS analysis to be chemically adsorbed on steel surface. 10 The present study on iron represents a comparative study to that on copper, 1,2 as it is performed using the same inhibitors-ImiH, ImiMe, BimH, SH-ImiMe, and SH-BimH-under the same experimental conditions. The aim of the study is twofold: (i) to compare the efficiency of inhibitors when used on copper and on iron, and (ii) to reveal the differences in inhibition mechanisms of particular inhibitors when used on copper and on iron. The methodology remains the same: experimental study was performed using electrochemical potentiodynamic measurements and immersion testing in 3 wt.% sodium chloride solution combined with topography and XPS analyses, whilst computational study used DFT calculations to characterize the atomic scale details on the inhibitor-surface interactions. As a starting point and for the sake of comparison with previous publications of ours 2, [11] [12] [13] [14] and those of others, 15, 16 where the bonding of imidazoles with bare metal surfaces was characterized, we choose to elucidate the bonding of the current inhibitor molecules with the bare Fe(110), although the oxidized surface of iron is way more relevant in the context of corrosion under near-neutral pH conditions. Current calculations are therefore more relevant for the reduced patches at the surface, where the oxide film has been breached. 17 Moreover, for obvious modelling reasons we also consider the adsorption at the metal/vacuum interface, although with respect to corrosion and its inhibition, the solid/water interface is far more appropriate. Current calculations are therefore to be taken only as a first crude attempt to address the inhibitor-surface bonding. a
Technical details

1. Experimental Study
1. 1. Materials and Solutions
Corrosion tests were performed on iron metal (99.8%, temper as rolled) supplied by Goodfellow (Cambridge Ltd., UK) in the form of 2 mm thick foil. All iron specimens were cut from the foil in the shape of discs of 15 mm diameter. Using a circulating device the specimens were ground mechanically under a stream of water with successive SiC papers of gradations 500, 800, 1000, 1200, 2400, and 4000. The iron samples were then cleaned with acetone in an ultrasonic bath for three minutes, doublerinsed with distilled water and dried with nitrogen gas.
Samples were immersed in 3 wt.% NaCl aqueous solution with or without the addition of imidazole (ImiH), 1methyl-imidazole (ImiMe), 2-mercapto-1-methylimidazole (SH-ImiMe), benzimidazole (BimH) or 2-mercaptobenzimidazole (SH-BimH) at various concentrations (0.1, 1, and 10 mM). Skeleton structures of the inhibitors are presented in Fig. 1 . All five inhibitors were supplied by Sigma Aldrich (purity for ImiH 99.5%, ImiMe 99%, SH-ImiMe 99%, BimH 98%, and SH-BimH 98%), and NaCl by Carlo Erba (pro analysis). Compounds were used as supplied.
1. Electrochemical Measurements
Measurements were performed in a three-electrode corrosion cell (volume 0.25 L, Autolab, Ecochemie, Netherlands) at 25 °C. A saturated calomel electrode (SCE, 0.242 V with respect to the saturated hydrogen electrode at 25 °C) with a Luggin capillary was used as a reference electrode and carbon rods as the counter-electrode. A specimen embedded in a Teflon holder, with an area of 0.785 cm 2 exposed to the solution, served as the working electrode.
Measurements were carried out with a PGSTAT-12 Autolab (Metrohm Autolab, Utrecht, Netherlands) potentiostat/galvanostat operated by the NOVA software. Before measuring the polarization resistance (R p ) the iron specimens were allowed to stabilize under open circuit conditions. During that time, the open circuit potential was measured as a function of time. The stabilization process usually took 1 h. The stable, quasi-steady state potential reached at the end of the stabilization period is denoted as the corrosion potential (E corr ).
1. 1. Polarization Resistance Measurements
Polarization resistance (R p ) was measured over a potential range of ±10 mV vs. E corr using a scan rate of 0.1 mV/s. R p values were deduced from the slope of the fitted potential vs. current density using NOVA software.
Measurements of R p were repeated at least three times. From the average values the inhibition efficiency (IE), denoted by the symbol η, was calculated using the following equation: (1) where R p inh and R p blank are the polarization resistances measured with and without addition of inhibitor, repsectively. The results are presented as mean value ± standard deviation.
1. Potentiodynamic Measurements
Potentiodynamic measurements were performed starting at 250 mV negative to E corr , then increased in the anodic direction at a potential scan rate of 1 mV/s.
1. 3. Immersion Test
Iron specimens were hung in 100 mL closed glass vials containing 3 wt.% NaCl or 3 wt.% NaCl with the addition of 1 mM of either ImiH, ImiMe, SH-ImiMe, BimH or SH-BimH. After immersion for one month the specimens were rinsed with deionized water and dried with nitrogen gas.
1. 4. X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) was performed with a TFA Physical Electronics Inc. spectrometer using non-and mono-chromatized Al K α radiation (1486.6 eV) and a hemispherical analyzer. The monochromatized radiation used for high-resolution spectra yields a resolution of 0.6 eV, as measured on an Ag 3d 5/2 peak. These spectra were used to differentiate between va-a It should be noted that solid/vacuum interfaces and metallic surfaces are conceptually and structurally simpler than the solid/water interfaces and oxidized surfaces. This is the basic premise behind our choice, which follows the reductionist divide-and-conquer approach, i.e., start with simpler system and elaborate later. rious species, while those obtained using non-monochromatized radiation were used to quantify the chemical composition. The take-off angle used, defined as the angle of emission relative to the surface plane, was 45°. The energy resolution was 0.5 eV. Survey scan spectra were recorded at a pass energy of 187.9 eV, and individual high-resolution spectra at a pass energy of 23.5 eV with an energy step of 0.1 eV. The diameter of the analysed spot was 400 μm. During the analysis a small shift was observed and compensated by a neutralizer. The values of binding energies were then aligned to carbon peak C 1s at 284.8 eV.
Angle-resolved XPS (AR-XPS) measurements were conducted at take-off angles of 20, 45 and 75° with respect to the surface plane to obtain depth-dependent information on the composition and structure of the layers. The depth of analysis increases with increased angle, in practice up to 10 nm. 18 Thus at small angles (20°) information is provided closer to the surface and, at large angles (75°), closer to the bulk.
1. 5. Surface Topography
Surface morphology was inspected using an optical microscope Olympus BX51. Surface topography was analysed employing a profilometer, model Taylor Hobson, Form Talysurf Series 2 operated by Taylor Hobson Ultra software. The instrument has a lateral resolution of 1 μm and vertical resolution of 5 nm. The surface profile is measured in one direction. Measurements were performed on three locations of each sample using a 1 mm 2 spot. Data were processed with TalyMap Gold 6.2 software to create 3-D surface topography and to calculate the mean surface roughness (S a ). Corrections were made to exclude general geometrical shape and possible measurement-induced misfits.
Computational Details
Spin-polarized DFT calculations were performed in the framework of generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) 19 using the plane-wave pseudo-potential method with ultra-soft pseudopotentials 20, 21 as implemented in the PWscf code of the Quantum ESPRESSO distribution. 22 Kohn-Sham orbitals were expanded in a plane-wave basis set up to a kinetic energy cutoff of 30 Ry (240 Ry for the charge-density cutoff).
Adsorption of molecules was modeled on denselypacked Fe(110) surface, which was modeled by periodic slabs consisting of four atomic layers (the structure of Fe(110) surface is shown in Fig. 2 ). The bottom layer was constrained to the bulk positions and the in-plane lattice spacing was fixed to the calculated equilibrium Fe bulk lattice parameter of 2.84 Å. 11, 23 All other degrees of freedom were relaxed. Molecules were adsorbed on one side of the slab and the thickness of the vacuum region-the di-stance between the top of the ad-molecule and the adjacent slab-was set to about 20 Å. Molecular adsorption was modeled at 1/20 ML monolayer (ML) coverage using the ( 5 -1 0 4 ) supercell. b Dipole correction of Bengtsson 24 was applied to cancel an artificial electric field that develops along the direction normal to the slab due to periodic boundary conditions imposed on the electrostatic potential. Brillouin-zone integrations were performed with Gaussin-smearing 25 special point technique 26 Notice two different spacings between adjacent surface Fe atoms, termed short-and longbridge. The short-bridge distance is a 0 √3/2, whereas long-bridge distance is a 0 , where a 0 is the equilibrium bcc lattice parameter of Fe bulk. The angles between two short-bridges and between shortbridge and long-bridge are also indicated.
1. Definitions and Energy Equations
The term "dehydrogenation" will be used as jargon to indicate a reaction analogous to deprotonation (MolH → Mol -+ H + ), but with a homolytic bond cleavage (this implies that radicals are considered in favour of charged ions), i.e., MolH → Mol · + H · . The labels MolH, Mol -, and Mol stand for neutral, deprotonated, and "dehydrogenated" inhibitor molecules, respectively (the term "dehydrogenated" designates-in analogy with "dehydrogenation"-a molecule stripped off one H atom); c the symbol is used to indicate the radical character of isolated dehydrogenated molecule (sometimes Mol · will be designated simply as Mol).
The terms "non-mercapto" and "mercapto" designate the molecules without (ImiH, ImiMe, and BimH) or with the mercapto group (SH-ImiMe and SH-BimH), respectively; these shorthand labels for each inhibitor molecule are defined in Fig. 1 . It should be noted that the two mercapto molecules can either exist in thiol or thione forms (see Fig. 3 ); the shorthand labels for thione form of SH-ImiMe and SH-BimH are S-ImiMeH and S-BimH 2 , respectively, whereas dehydrogenated mercapto molecules are labeled as S -BimH· and S -BimMe· (or simply S-BimH and S-ImiMe). It should be noted that irrespective of the starting neutral tautomer form (thiol or thione) the resulting dehydrogenated thiolate form is the same. 2 (3) and the respective adsorption energy was calculated as: (4) where E Mol/slab and E H/slab are the total energies of the Mol/Fe(110) and H/Fe(110) slab systems, respectively. For mercapto molecules, the E ads and E diss ads are calculated with respect to isolated thiones as a reference state for the E MolH . Note that Mol-Fe(110) bond is much stronger than indicated by the E diss ads , because the latter involves the cost for breaking the X-H bond (X = N1 or C2). In particular, the binding energy between the dehydrogenated molecule and the surface can be calculated as: (5) where E Mol. is total energy of isolated Mol · radical. The relation between the E b and E diss ads is the following:
where E H b is the binding energy of atomic hydrogen onto Fe(110) and E X-H bond is the bonding energy of dehydrogena-
bond is significantly more exothermic than E H b also the E b is significantly more exothermic than E diss ads ; the calculated E H b on Fe(110) is -2.94 eV, 11 whereas the calculated N-H bonding energies are in range from -3.7 to -4.5 eV and C-H bonding energies are about -5.1 eV for the current molecules.
Dehydrogenation reaction energy (ΔE deh ) is calculated by considering the following reaction: (7) hence:
where E diss ads is calculated by Eq (4) and E ads by Eq (2).
Results and Discussion
1. Experimental Results
1. 1. Experimental Determination of Inhibition Efficiency of Imidazole and Benzimidazole Derivatives
The inhibitory action of the ImiH, ImiMe, SH-Imi-Me, BimH, and SH-BimH inhibitors against corrosion of iron in 3 wt.% NaCl solution was analysed by means of Thiones are more stable than thiols and the corresponding energy differences, calculated at the PBE/plane-wave level of theory, are stated. 2 For mercapto molecules only the adsorption of thione tautomers is considered, because they are by about 0.5 eV mores stable than thiols (as standalone) and moreover because current calculations indicate that the two thiols dissociate barrier-less or almost so (S-H bond clevage) on Fe(110) during adsorption.
Dehydrogenated non-mercapto molecules will be designted as Imi, ImiMe w/o-H , and Bim for imidazole, 1methyl-imidazole, and benzimidazole, respectively. Dehydrogenated molecules will be sometimes designated as Mol X , where X indicates at which atom the X-H bond was cleaved.
The non-dissociative adsorption energy was calculated as: (2) where E MolH , E slab , and E MolH/slab are the total energies of isolated molecule, bare Fe(110) slab, and molecule/Fe(110) slab system, respectively. Considered molecules can dissociate on iron surface, hence the dissociative chemisorption was also considered, i.e.: polarization resistance (R p ), by potentiodynamic curves and by one-month immersion testing.
1. 1. 1. Polarization Resistance Measurements
Iron in uninhibited sodium chloride solution exhibited a mean R p of 797 Ω cm 2 (Table 1) . Polarization resistance was then measured at 0.1, 1 and 10 mM concentrations of inhibitors. In the presence of inhibitor the values increased, for example from 868 Ω cm 2 for ImiH at 1 mM to a maximum of 2851 Ω cm 2 for ImiMe at 10 mM (Table 1) .
Based on the measured R p values the IE values were calculated according to Eq (1) and are presented in Fig. 4 . ImiH showed measurable IE only at concentration of 1 mM, and reached 68% at 10 mM ( Fig. 4a ). For ImiMe, however, inhibition was high already at 1 mM; the value at 10 mM was similar as for ImiH. When in addition to methyl group, also mercapto group was present in SH-ImiMe, the inhibitor was weakly effective already at 0.1 mM and IE increased linearly with increasing concentration. At 10 mM, similar values were obtained for all three inhibitors (Fig. 4a ). This behaviour is different to that observed for copper, 1 where at concentrations above 1 mM the ImiMe acted as corrosion accelerator, and SH-ImiMe achieved 65% IE.
When adding BimH, low but measurable IE of 13% was obtained already the 0.1 mM. IE peaked at 1 mM and then decreased at higher concentration (Fig. 4b ). In the case of copper, 1 BimH was the most efficient inhibitor at 10 mM. When using both mercapto-based imidazole inhibitors the IE values were larger already at low inhibitor concentration of 0.1 mM ( Fig. 4 ). For SH-ImiMe, the IE ranged between 23% and 72% ( Fig. 4a ). SH-BimH behaved similar as BimH and reached smaller IE than SH-ImiMe ( Fig. 4b) ; however, 10 mM solution of SH-BimH could not be prepared due to its low solubility in water (< 0.1 g/100 mL = 6.7 mM at 23.5 C). 28 According to the polarisation resistance, the efficiency of inhibitors is as follows. At 0.1 mM only mercapto-based inhibitors are useful as corrosion inhibitors but show relatively low IE of 23 and 28% for SH-ImiMe and SH-BimH, respectively. At 1mM the following order was observed: ImiMe > SH-ImiMe > BimH ∼ SH-BimH >> ImiH. Thus, methyl-derivative of imidazole acts as the most efficient corrosion inhibitor at 1 mM. At 10 mM all inhibitors without benzene group show rather similar IE values (between 64 and 78%). Table 1 . Values of polarization resistance, R p , measured for iron in 3 wt% NaCl solution with and without addition of 0.1, 1 and 10 m-M of imidazole (ImiH) and its derivatives: 1-methyl-imidazole (ImiMe), 2-mercapto-1-methyl-imidazole (SH-ImiMe), benzimidazole (BimH), and 2-mercaptobenzimidazole (SH-BimH). Polarization resistance is given as mean value ± standard deviation. For SH-BimH, the 10 mM concentration could not be prepared due to its low solubility in water.
Solution
Inhibitor 
1. 1. 2. Potentiodynamic Polarization Curves
The results of the potentiodynamic measurements obtained for iron in 3 wt.% NaCl solution with and without addition of 0.1, 1, and 10 mM concentrations of Imi-H, ImiMe, SH-ImiMe, BimH, and SH-BimH are presented in Fig. 5 .
The cathodic reaction in NaCl solution is the reduction of oxygen:
The passivation of iron proceeds in two stages, i.e. a lower oxidation state film of Fe 3 O 4 is required, and this film is highly susceptible to chemical dissolution. 29 Until the conditions are established whereby the Fe 3 O 4 phase can exist on the surface for a reasonable period of time, the γ-Fe 2 O 3 , which is responsible for full passivation of iron, will not form. 29 Therefore, active dissolution of iron will continue. It is generally accepted that the active dissolution of iron occurs via an oxide intermediate, possible Fe(OH) 2,ads or Fe(OH) 2 , which is not a three-dimensional oxide phase. 30 At sufficiently high potentials, the conversion of this oxide intermediate into a true three-dimensional passive oxide is favoured over its dissolution. 29 The kinetics of dissolution of iron in the active range in the presence of halide ions like chloride ions is largely dominated by competitive adsorption of Clwith the OHions: 3 (10) (11) (12) At potentials close to E corr the anodic reaction is under mixed charge transfer and mass transport control (rate of movement of iron complex away from the surface to bulk electrolyte) while at higher anodic potentials (above -0.4 V) the anodic reaction is under diffusion control leading to the establishment of current plateau at high current density. Therefore, under the conditions of chloride solution iron is not passivated but continues to dissolve.
Addition of 0.1 mM concentration of either ImiH, ImiMe, SH-ImiMe, BimH, or SH-BimH in 3 wt.% NaCl solution induces a slight decrease in the cathodic current density and a shift of the E corr value to somewhat more positive values (Fig. 5a ), indicating increased resistance to general iron corrosion. Curves for all inhibitors are rather similar. The effect of inhibitor type becomes more pronounced at 1 mM concentration ( Fig. 5b) , especially for SH-ImiMe, BimH and SH-BimH. The current density in the anodic part of the curve is largely reduced at potentials more positive than -0.6 V indicating suppressed iron dissolution. Compared to R p values obtained in the range around E corr , where ImiMe showed larger values (Fig. 4) , mercapto-based inhibitors exhibited better inhibitive ef- fect in the anodic range of the polarization curve. At 10 m-M inhibitor concentration a current peak at about -0.5 V followed by a current density plateau appeared in the anodic branch in the presence of ImiH and ImiMe (Fig. 5c ). For other inhibitors the increase in concentration does not seem to bring significant improvements in the potentiodynamic curves.
These results indicate that the inhibitors tested on iron act primarily as anodic inhibitors, i.e. affect primarily the anodic reaction. The changes in the cathodic branches are not so pronouncedly affected by the addition of inhibitor.
1. 2. Immersion Test
The efficiency of corrosion inhibitors was further examined by a long-term immersion test. Iron samples were immersed for 30 days in 100 mL solutions of 3 wt.% NaCl containing 1 mM concentrations of either ImiH, ImiMe, SH-ImiMe, BimH, or SH-BimH. The resulting macro-and microscopic images of iron samples rinsed and dried after the immersion tests are shown in Fig. 6 . In addition, values of mean surface roughness, S a , are denoted for each image. Iron samples before and after immersion in uninhibited NaCl solution are taken a control.
The macroscopic images of the samples largely differed: Fe sample in uninhibited solution was covered by an uneven light-grey and dark-green layer, probably corresponding to iron oxides. ImiH sample was dark grey, whilst ImiMe and BimH samples were light grey, giving a metallic appearance. For uninhibited and ImiMe samples the surface reveals grain structure of the substrate whilst other samples seem to be covered by coating layers. Both mercapto-containing samples were much darker than other samples, the coating appeared thicker, and contained some areas of lighter deposits.
The S a values, measured after the immersion, revealed large differences between the samples (Fig. 6 ). For ImiH, ImiMe and SH-BimH the S a values were smaller than that of control Fe sample immersed in NaCl (0.61 μm), whilst for BimH and, especially, SH-ImiMe the values were larger.
1. Chemical Composition and Speciation of Layers
1. 1. Chemical Composition
After immersion in NaCl solution for 30 days, the layer contained 18.2 at.% Fe and 45.4 at.% O, consistent with the formation of an oxide layer ( Table 2) . Carbon was present in 35.2 at.%, ascribed to adventitious carbon. In our previous study performed on copper, 1 the copper concentration at the surface decreased when inhibitor was present due to the formation of inhibitor layer. In the case of iron, however, the behaviour is different and the concentration of Fe is not decreased in the presence of inhibitor. Similar behaviour was observed for oxygen which persisted in relatively high concentration at the surface even in the presence of inhibitor. Further, the concentration of carbon in the layer formed on copper in inhibitor solutions reached more than 60 at %; in the case of iron the concentrations remained similar as in uninhibited sample ( Table 2 ). A significant difference between inhibited and uninhibited iron surfaces is the presence of sulphur and nitrogen for mercapto-based compounds which indicates the bonding of the inhibitors to the surface as these elements originate from inhibitor compounds. Again, compared to copper, the concentrations are 2 to 4times smaller for iron. Another difference exists compared to inhibited copper: relatively small concentration of chlorine was detected at the iron surface only in the presence of BimH; in contrast, chlorine was detected in much higher concentrations (6.8 and 9.3 at%) when Cu sample was immersed in ImiMe and ImiH inhibited solution, respectively, which were less protective than cuprous compounds. 1 Although the general chemical composition of inhibited and uninhibited iron samples is quite similar, chemical speciation based on the high resolution spectra (Figs. 7 and 8) will show that the chemical environment changed in the presence of inhibitor.
1. 2. Chemical Speciation
The chemical composition of the layers formed during 30-day immersion in NaCl solution with and without the addition of inhibitors was further studied by high-resolution spectra aiming to identify the chemical environment of elements and to relate particular chemical species to each other. First the metal peak is considered. The Xray photoelectron spectra of iron and its oxides is well known. 6, 31 Due to unpaired electrons in the valence band, iron compounds show a complex structure related to the multiplet splitting. 32 The center of main Fe 2p 3/2 peak in metallic iron is located at binding energy, E b , 706.8 eV, whereas the second peak of lower intensity is located at 711.4 eV. In the case of Fe(II) oxide the multiplet splitting induces the appearance of peaks at 709.8 eV and 711.9 eV. Additionally, Fe(II) oxide shows the shake-up satellite at 715.0-715.5 eV, i.e. ∼5.5-6.0 eV above the main peak.
In the case of Fe(III) oxide two peaks at 710.9 eV and 712.7 eV are observed due to multiplet splitting. The shake-up satellite is located ∼8.5 eV above the main peak and is thus already in the range of Fe 2p 1/2 peak. Therefore, several peaks in the Fe 2p XPS spectrum overlay in the range between ∼710 eV and ∼713 eV making the quantitative analysis complicated and unreliable without using appropriate standards. 31 High resolution XPS spectra will be therefore addressed in a qualitative manner due to the complexity and large variety of species. Considering the Fe 2p spectra recorded after immersion ( Fig. 7a ) several features are observed: (i) peak related to metallic iron at 706.8 eV appears only at the surface of Fe immersed in uninhibited NaCl solution and in solutions inhibited by ImiH and ImiMe. In the latter two samples the layers formed during immersion were obviously not thick enough to prevent the metal signal to be identified, or iron is subjected to continuous dissolution revealing metal sites. For other inhibitors the metal peak could not be identified indicating full coverage of the metal surface by the layer. The most intense peak in the spectra was for all samples located at ∼ 711 eV indicating the formation of mixed Fe(II) and Fe(III) oxides. Two satellite peaks are characteristic of iron oxides -at ∼715 eV for Fe(II) oxide and at ∼721 eV for Fe(III) oxide. Both peaks are observed in experimental spectra (Fig. 7a) .
The peak for oxygen can be resolved into three component peaks, ascribed to oxide, hydroxide and adsorbed water (denoted by lines 1-3 in Fig. 7b ). In all the cases there were two peaks: the first located at ∼530 eV ascribed to iron oxide, and the second at 531.3 eV ascribed to hydroxide component. The intensity of oxygen peak was strong even in the presence of inhibitors ( Table 2) proving that the inhibitor layer consists primarily of oxide, presumably mixed with inhibitor species, or that the inhibitor layer formed was not thick enough to hide the presence of underlying oxide.
Carbon C 1s, nitrogen N 1s and sulphur S 2p peaks are important for understanding the chemical composition and environment of layers formed in chloride solutions containing organic inhibitors. In the present work the centre of the C 1s peak was located at 285.0 eV for both inhibitor-free and inhibitor containing solutions (Fig. 8a) . This peak is assigned to carbon bonded to carbon or hydrogen (C-C, C-H). In imidazole-based inhibitors other bonds should be taken into account (denoted by lines 1-5 in Fig. 8a) : carbon bonded to pyrrole nitrogen (C-N) at 286.1 eV, and carbon bonded to pyridine nitrogen (C=N) at 287.5 eV. 1 Bonding between carbon and oxygen is also possible: the centres of the C-O and C=O peaks are located at mean E b values of 286.5 eV and 288.4 eV, respectively. In mercapto compounds the C-S should be also taken into account but no specific peak related to C-S bonding was defined in literature.
In inhibitor-free chloride solution the peak at 285.0 e-V was narrow indicating that C-C and C-H bonding originating from adventitious carbon is the prevailing bonding in carbon peak. In solutions containing inhibitor the broadening of the carbon peak width occurred (Fig. 8a) . The broadening is related to the increasing contribution of different carbon species bonded to other elements, i.e. nitrogen, oxygen and, presumably, sulphur, as described above. Layers formed in the BimH, SH-ImiMe and SH-BimH solutions show another peak at 286.1 eV. As in these layers nitrogen and sulphur are detected ( Table 2) , this peak can be related to the C-N and presumably C-S bonding. Nitrogen was present only at the surface of the layer formed in a solution containing mercapto-based imidazoles ( Fig. 8b, Table 2 ); for comparison, spectrum recorded in the layer formed in ImiH solution is given. In the case of copper, nitrogen was identified in much higher concentrations in layers formed in the presence of all inhibitors except ImiH. 1 This is the main difference between inhibited iron and copper. A weak nitrogen 1s peak at iron surface is centred at 400 eV, preceded by a smaller peak at 398.8 eV. The presence of two peaks may be ascribed to the presence of single and double bonds, C-N and C=N.
The sulphur S 2p spectrum comprises S 2p 3/2 and 2p 1/2 peaks that differ by only 1.1 eV and are not usually differentiated as two separate peaks. In the layers formed in the presence of mercapto-based inhibitors a single peak was formed, centred at 163.8 eV (Fig. 8c) , in agreement with values reported for complexes formed between mercapto compounds and metals between 162.2 eV and 164.4 eV. 1 For comparison, spectrum recorded in the layer formed in ImiH solution is given.
Chlorine peak was detected at low intensity only at the surface exposed to benzimidazole and may be related to adsorption of chloride ions at the surface and/or formation of oxychloride compound with a low chlorine content.
1. 4. Structure of the Layers
Angle-resolved XPS analysis was performed on uninhibited and inhibited iron surfaces. In contrast to copper, where due to intense nitrogen and sulphur XPS peaks such analysis brought about important conclusions regarding the structure of the layer, in the case of iron the com-parative analysis did not provide sufficient data to postulate a specific structure of the inhibitor layer. Several features were observed: (i) in Fe 2p spectra the metal part at 706.8 eV decreased compared to oxide part at ∼711 eV indicating that the latter is enriched at the outer surface of the layer, and (ii) in O 1s spectra the hydroxide part at 531.3 eV also increased compared to oxide part at ∼530.0 eV indicating the surfaces is enriched in hydroxide species (results not shown). For C 1s no significant difference were observed depending on the analysing angle, whilst for N 1s and S 2p spectra the intensity of the signal was too low to allow conclusive angle-resolved analysis. Based on these results it can be stated that the layer formed on iron in inhibited solution is mainly iron oxide which contains species originating from inhibitor molecules, i.e. mixed oxide-inhibitor layer.
2. Computational Results
In this section the adsorption bonding of inhibitor molecules to Fe(110), as scrutinized with DFT calculations, is described. For each molecule several different adsorption modes were considered and below only the most stable identified mode per molecule and per adsorption type is considered. Iron surfaces are chemically reactive enough to disturb the molecular π system and to break molecular X-H bonds. 2, 12 Hence, considered molecules can chemisorb to Fe(110) as standing up or lying down in neutral (non-dissociative) or dehydrogenated (dissociative) forms.
2. 1. Adsorption Bonding of Neutral Molecules
In this section the chemisorption bonding of neutral (intact) inhibitor molecules is described. Optimized struc- tures of the standing and lying adsorption modes are shown in Figs. 9 and 10, respectively.
2. 1. 1. Standing Adsorption Modes
In the standing modes ( Fig. 9 ), the three non-mercapto molecules bond with the pyridine N3 atom on top of a single Fe atom and 1-methyl-imidazole (ImiMe) bonds the strongest among the three molecules, but otherwise the bonding differences are small, being -0.83, -0.86, and -0.76 eV for ImiH, ImiMe, and BimH, respectively. Benzimidazole (BimH) thus binds the weakest, despite being the softest, i.e., it has the smallest HOMO-LUMO gap among the three molecules. 2, 33 An opposite behavior was observed for triazoles, where benzotriazole bonds slightly stronger than triazole to Cu(111). 34 In accordance with the bonding energy trend the N-Fe molecule-surface bond length follows the BimH (2.09 Å) > ImiH (2.08 Å) > Imi-Me (2.07 Å) order, i.e., stronger adsorption bond corresponds to shorter bond length. The analogous bonding trend among the three molecules was also observed on Cu(111) surface and the reason that the BimH binds the weakest was attributed to steric hindrance of the bottommost H atom of benzene ring, which is too close to the surface. 2 The adsorption of mercapto-molecules is considered only in thione tautomer forms, because we find that thiols dissociate (S-H bond cleavage) barrier-less during adsorption. In the standing modes, thiones adsorb via the S atom slightly asymmetrically onto the long-bridge site d thus bonding to three surface Fe atoms. 2-mercapto-1methyl-imidazole (S-ImiMeH) binds by about 0.1 eV stronger than 2-mercaptobenzimiazole (S-BimH 2 ) and correspondingly also the S-Fe bonds of the former are shorter than that of the latter. As for the comparison between the standing mercapto and non-mercapto molecules, it is evident that the S-surface bonding of mercapto molecules is by about 0.6 eV stronger than the N-surface bonding of non-mercapto molecules.
2. 1. 2. Lying Adsorption Modes
In the lying adsorption modes all the ring C and N atoms form bonds with the surface (Fig. 10 ). In addition, mercapto-molecules bond also with the S atom, which is adsorbed over the long-bridge site. Similar as for the standing modes, also in the lying modes the mercapto-molecules bond significantly stronger than non-mercapto molecules. 2-mercapto-1-methyl-imidazole again bonds the strongest (-1.60 eV) and 2-mercaptobenzimiazole binds by about 0.1 eV less.
Comparison of adsorption energies of standing and lying modes (cf. Figs. 9 and 10 ) reveals that for ImiH and ImiMe the two modes are of similar stability (E ads ≈ -0.85 eV), but for other molecules the lying modes are more stable. This trend can be, in part, attributed to molecular size. ImiH and ImiMe are the smallest and bond only with the imidazole ring to Fe(110). In addition, BimH bonds also with the benzene ring and thus binds by 0.4 eV stronger than its standing form. Lying mercapto-molecules bind even stronger because they bond also with the reactive S atom to the surface. The N-surface and C-surface bond lengths of the lying molecules are about 2 Å, thus being characteristic of chemisorption.
2. 2. Adsorption Bonding of Dehydrogenated Molecules
Fe is a chemically reactive metal and it was shown that its surfaces can break the N-H and C-H bonds of imidazole. In particular, in the previous publication of one of us, 12 it was shown that the breaking of the C2-H d See Fig. 2 for definition of the short-and long-bridge sites. bond of imidazole on Fe(100) is particularly easy and it involves the transformation of the standing N3 bonded imidazole to a meta-stable tilted form that bonds with N3+C2 atoms to the surface (the energy barrier for this transformation is 0.3 eV). This transformation is then quickly followed by the cleavage of the C2-H bond (the corresponding energy barrier is only 0.03 eV) resulting into standing C2+N3 bonded dehydrogenated imidazole. 12 This type of dehydrogenated molecules is considered in section 3.2.2.1 below. On the other hand, the cleavage of the N1-H bond of imidazole was found to be less easy and it proceeds from lying imidazole and results in the lying N1 dehydrogenated imidazole: the corresponding energy barrier on Fe(100) is 0.9 eV. 12 This type of dehydrogenated molecules are considered in section 3.2.2.2 below.
2. 2. 1. Standing Dehydrogenated Adsorption
Modes Optimized structures of standing dehydrogenated molecules are displayed in Fig. 11 ; dissociative chemisorption (E diss ads ) and binding energies (E b ) are also stated. Shown non-mercapto molecules are all C2 dehydrogenated (labeled as Mol C2 ) and bond via C2 and N3 atoms to the surface. Top-view plots reveal that molecular planes are perpendicular to the long-bridge direction with the midpoint of the C2-N3 bond over the midpoint of the long-bridge. Dissociative chemisorption energies are about -2.0 eV for all the three molecules, thus being considerably more exothermic than the non-dissociative E ads , the latter being about -0.8 eV. Dehydrogenation energies, calculated by Eq (8) , are thus about -1.2 eV. These molecules, however, bond way stronger to the surface than the E diss ads values indicate and the corresponding binding energies, calculated by Eq (5), are about -4.1 eV.
In contrast to non-mercapto molecules, mercapto molecules cannot dehydrogenate at the C2 atom, because they have S instead of H bonded to the C2. But they can dehydrogenate via cleavage of the N3-H bond (note that for S-BimH 2 the N1 and N3 are symmetry equivalent).
The corresponding dissociative chemisorption energies are more exothermic than for non-mercapto molecules, being -2.45 and -2.29 eV for 2-mercapto-1-methylimidazole and 2-mercaptobenzimidazole, respectively. In the dehydrogenated state, the S-ImiMe and S-BimH bond via N3 and S atoms to the surface, with the N3 bonded on top of an Fe atom and with the S located at the short-bridge site thus forming bonds with two bridge Fe atoms. The reason for more exothermic E diss ads of mercapto molecules compared to non-mercapto molecules can be, in part, attributed to weaker N3-H bond (about 3.8 eV) compared to the C2-H bond of non-mercapto molecules (about 5.1 eV). Despite the E diss ads being more exothermic than for nonmercapto molecules, the S-ImiMe and S-BimH bond weaker to the surface than non-mercapto molecules, and the corresponding binding energies (E b ) are about -3.2 eV (to be compared to -4.1 eV for non-mercapto molecules).
2. 2. 2. Lying Dehydrogenated Adsorption Modes
Optimized structures of lying dehydrogenated molecules are shown in Fig. 12 For all considered molecules, except the S-BimH, the lying dehydrogenated modes are less stable than the Figure 11 . "Dehydrogenated" standing adsorption modes on Fe(110); non-mercapto molecules lack the H at C2 atom, whereas mercapto molecules are in thiolate form (which can be seen as thione lacking the H at N3 or as thiol lacking the H at S). Dissociative adsorption energies (E diss ads ), corresponding to the MolH (g) → Mol (ads) + H (ads) process, and the Mol-Fe(110) binding energies (E b ) are also stated. standing modes. Notable exception is the lying mode of S-BimH, with the E diss ads of -2.63 eV, which is the most stable identified adsorption mode among all the currently considered cases (cf. Figs. 9-12 ).
Comparison of Figs. 10 and 12 reveals that the most stable identified lying modes of imidazole and benzimidizaole are analogous between neutral and dehydrogenated molecules, whereas for mercapto molecules the most stable identified lying neutral and dehydrogenated modes are rotated by about 90° around the surface normal with respect to each other, i.e., neutral lying molecules have the S-C bond oriented along the long-bridge direction, whereas dehydrogenated molecules have the S-C bond oriented perpendicular to the long-bridge direction.
Conclusions
The effect of mercapto and methyl groups on the adsorption bonding of imidazole and benzimidazole based inhibitors on Fe(110) surface and their efficiency of iron corrosion in 3 wt.% NaCl solution was studied by means of explicit DFT calculations and corrosion experiments, respectively. At 1 mM concentration, the highest inhibition efficiency (69%) was achieved by 1-methyl-imidazole, and the lowest (8%) by imidazole. Other tested inhibitors, 2-mercaptobenzimidazole, benzimidazole and 2-mercapto-1-methyl-imidazole, showed similar efficiencies (41-57%). At 10 mM, the differences between inhibitors were smaller and ranged between 41 and 72%. For 2-mercaptobenzimidazole the solubility below 10 mM prevented it from being tested at this concentration. Inhibitors acted primarily as anodic inhibitors due to the formation of surface layer. Its composition corresponds mainly to oxidized iron, namely a mixture of Fe(II) and Fe(III) oxide and hydroxides, which contains also species originating from inhibitor molecules, i.e. nitrogen and sulphur. Compared to inhibited copper, the concentration of the latter is much smaller, and, furthermore, is observed only for mercapto-containing inhibitors. In contrast to copper, where mercapto containing derivatives of imidazoles were beneficial for all concentrations tested, their inhibition of iron corrosion was advantageous compared to other derivatives only at low inhibitor concentration. Other inhibitors at 0.1 mM were either inefficient or acted as activators. On the other hand, methyl-derivative of imidazole had a positive impact on inhibition of iron at all concentrations regardless whether imidazole or mercaptoimidazole were used. These results prove that the inhibition effect of given inhibitor is strongly dependent on the metal substrate and that the inhibition efficiency cannot be predicted for inhibitor per se without taking into account the characteristics of substrate. This issue is apparently not appreciated in the literature, because majority of computational studies of corrosion inhibitors rely solely on electronic parameters of inhibitor molecules without any consideration of the substrate whatsoever.
DFT calculations reveal that current inhibitor molecules bind stronger to iron than copper surfaces, but this is of no direct relevance to corrosion inhibition. Namely, iron is chemically more reactive than copper, thus it can be reasonably anticipated-on the basis of Hammer-Nørskov chemisorption model 35 -that it binds, in general, adsorbates stronger than copper. It is thus the relative adsorption bonding strength of inhibitors compared to that of corrosive species such as, chloride, that is relevant.
Current computational results and those obtained previously on copper reveal that the inhibitor-surface bonding, as important as it may be, is not sufficient to explain the trend of corrosion inhibition efficiency of the investigated inhibitors. Namely, the adsorption bonding of investigated inhibitors can be roughly classified into two types with non-mercapto molecules belonging to one and mercapto molecules to the other type. Non-mercapto molecules display less exothermic adsorption than mercapto molecules and bind through the N-surface bonds (in the lying and/or dehydrogenated mode also via the C-surface bonds), whereas mercapto molecules bond in addition also via the S-surface bonds. On this basis one can infer that mercapto inhibitors should be superior to non-mercapto inhibitors, which is correct only at low inhibitor concentration. Adsorption characteristics of non-mercapto molecules display insignificant differences between them (with the exception of lying benzimidazole on iron, which binds stronger), yet the experimentally observed inhibition efficiency differ significantly between them. In this respect the effect of methyl group is the most interesting and non intuitive, because on both copper and iron surfaces, 1-methyl-imidazole display similar adsorption characteristics as the imidazole, yet on copper the presence of methyl group is disadvantageous or even detrimental, whereas on iron it is beneficial.
